Hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO) contribute to the pathogenesis of cerebral hypoxic-ischemic injury. We evaluated the neuroprotective effect of N-acetyl-L-cysteine (NAC, a free radical scavenger) against oxidative stress and perfusion in a model of neonatal hypoxia-reoxygenation (H-R). Piglets (1-3 d, 1.6 -2.3 kg) were randomized into a sham-operated group (without H-R) (n ϭ 5) and two H-R experimental groups (2 h normocapnic alveolar hypoxia followed by 4 h reoxygenation) (n ϭ 7/group). Five minutes after reoxygenation, piglets were given either i.v. saline (H-R controls) or NAC (30 mg/kg bolus then 20 mg/kg/h infusion) in a blinded-randomized fashion. Heart rate, mean arterial pressure, carotid arterial blood flow (transit-time ultrasonic probe), cerebral cortical H 2 O 2 and NO production (electrochemical sensor), cerebral tissue glutathione and nitrotyrosine levels (enzyme-linked immunosorbent assay) were examined. Hypoxic piglets were acidotic (pH 6.88 -6.90), which recovered similarly in the H-R groups (p Ͼ 0.05 versus shams). Postresuscitation NAC treatment significantly attenuated the increase in cortical H 2 O 2 , but not NO, concentration during reoxygenation, with lower cerebral oxidized glutathione levels. NAC-treated piglets had significantly higher carotid oxygen delivery and lower cerebral lactate levels than that of H-R controls with corresponding changes in carotid arterial flow and vascular resistance. In newborn piglets with H-R, postresuscitation administration of NAC reduced cerebral oxidative stress and improved cerebral perfusion. (Pediatr Res 64: 256-261, 2008) 
N eonatal asphyxia followed by reperfusion is one of the major causes of permanent brain injury in neonatal care. Although the exact mechanisms have not been fully elucidated, there is growing evidence that reactive oxygen species (ROS) are important for the reperfusion injury after asphyxia (1) . Excess production of ROS such as superoxide anion, hydroxyl radical, hydrogen peroxide (H 2 O 2 ), and nitric oxide (NO) has been reported during ischemia-reperfusion (I-R) or hypoxia-reoxygenation (H-R). Some of these radicals and their metabolites cause cellular damage and apoptotic cell death by oxidizing proteins, inducing lipid peroxidation and damaging deoxyribonucleic acid. N-Acetyl-L-cysteine (NAC), a precursor of glutathione and a potent thiol-containing antioxidant, has been shown to have certain beneficial effects on neuronal protection after I-R or H-R (2,3). Administration of NAC has been shown to reduce cerebral injury in adult rats with I-R (2) and neonatal rats with lipopolysaccharidesensitized hypoxia-ischemia (3) . We previously reported that postresuscitation treatment with NAC reduced cerebral H 2 O 2 production as well as lipid peroxidation in moderately hypoxic newborn piglets after 2 h of reoxygenation (4) .
Other than H 2 O 2 , there is substantial evidence supporting the involvement of NO in the pathogenesis of cerebral H-R injury (1, 5) . NO cytotoxicity may be secondary to NO itself causing persistent inhibition of mitochondrial respiration or NO reacting with superoxide anion to generate peroxynitrite, a potent oxidant. Because peroxynitrite can be detoxified by glutathione (GSH), NAC treatment may be beneficial by directly reducing peroxynitrite and by replenishing endogenous GSH source. However, controversial effects of NAC on NO production during I-R and H-R have been reported (2,6 -8) . Associated with reducing the cerebral injury, NAC has been shown to decrease plasma nitrite and nitrate (NOx, a biologic marker of NO production) levels and NO synthase expression in gerbils (6) and rats (2) after I-R, respectively. In contrast, an increase in NOx levels in the renal tissue (7) and the plasma (8) following I-R has been reported after NAC treatment. By using an electrochemical NO sensor, marked increase in cerebral NO has been reported in both newborn (9) and adult swine (10) during H-R and I-R. Therefore, it is of interest to examine whether NAC can elicit its beneficial effects by minimizing NO production.
Using an acutely instrumented swine model of neonatal H-R, the objective of the present study was to examine whether NAC can attenuate NO and H 2 O 2 production after reoxygenation in the cerebral cortex after severe hypoxia. We also examined the effects of NAC on cerebral oxidative stress and perfusion by measuring the related biochemical markers, carotid blood flow (CBF), and oxygen delivery during reoxygenation.
METHODS
All experiments were conducted in accordance with the guidelines and approval of the Health Sciences Animal Policy and Welfare Committee, University of Alberta. Newborn Yorkshire-Landrace piglets 1-3 d of age weighing 1.6 -2.3 kg were used.
Animal preparation. The animal preparation was similar to that described previously (4, 11) . Briefly, anesthesia was initially maintained with inhaled isoflurane. After mechanical ventilation through tracheostomy was started, the animals were given i.v. fentanyl (0.005-0.03 mg/kg/h), midazolam (0.1-0.2 mg/kg/h), and pancuronium (0.05-0.1 mg/kg/h) for analgesic, sedative, and muscle relaxation purposes, respectively. Inhalational anesthesia was then discontinued. These medications were chosen because of their common use in the clinical arena, although some may have controversial actions in newborn subjects. Oxygen saturation was continuously monitored with a pulse oximeter (Nellcor, Hayward, CA), and heart rate, and blood pressure were measured with a 78833B monitor (Hewlett Packard). Fractional inspired oxygen concentration (F i O 2 ) was maintained at 0.21-0.24 for oxygen saturations between 90 and 100%. Maintenance fluids consisted of 5% dextrose at 10 mL/kg/h and Lactated Ringer's solution at 2 mL/kg/h. The body temperature was maintained at 38.5-39.5°C using an overhead warmer and a heating pad.
Surgical procedure. Argyle catheters (5F; Sherwood Medical Co., St. Louis, MO) were inserted via the right femoral artery and vein for continuous measurement of mean arterial pressure (MAP, at abdominal aorta) and central venous pressure (CVP, at right atria), respectively. All medications and fluids were administered via the femoral venous catheter. Via a tracheotomy, pressure-controlled assisted ventilation was commenced (Model IV-100, Sechrist Industries Inc., Anaheim, CA) with pressure of 20/4 cm H 2 O at a rate of 18 -20 breaths/min. Meanwhile, an ultrasound flow probe (2RB, Transonic System Inc., Ithaca, NY) was encircled around the right common carotid artery and attached to a Transonic T206 blood flow meter for continuous measurement of CBF.
The piglet was then placed in the prone position with the head mounted in a stereotaxic holder. Using bregma as the reference point, two stainless steel guide cannulae (19 gauge) were implanted (at a depth of 6 mm) in the right frontoparietal cortex using the following co-ordinates: antero-posterior ϭ 6.5 and 8 mm; and lateral ϭ 4 mm for H 2 O 2 and NO sensors, respectively. The co-ordinates for the cerebral cortex were based atlas constructed with several pilot studies. This cerebral region was chosen because significant histologic and biochemical injury was observed in our previous study (4, 12, 13) . The piglet was replaced in the side position after cannulae implantation. All incisions were closed to minimize evaporative heat loss. After all surgical procedures were completed, pancuronium infusion was discontinued.
Experimental protocol. After surgical instrumentation, animals were stabilized for 45-60 min. Piglets were randomized into a sham-operated group (without H-R, ventilated with F i O 2 of 0.21 throughout the experimental period, n ϭ 5) or two H-R experimental groups (n ϭ 7 each) with 2 h normocapnic alveolar hypoxia induced by decreasing the F i O 2 to 0.09 -0.12 using nitrogen and oxygen gas mixture. The F i O 2 was adjusted as tolerated by the piglets to obtain severe hypoxemia (PaO 2 of 25-35 mm Hg) for 2 h. To maintain normocapnia, the ventilator rate was adjusted to 12-20 breaths/min. After hypoxia, the piglets were resuscitated with a F i O 2 of 1.0 for 1 h, followed by 0.21 for another 3 h. This protocol of hypoxia and reoxygenation was close to but not equal to clinical practice (4, 11) . Five minutes after reoxygenation, piglets received either normal saline (H-R control) or NAC (30 mg/kg bolus and 20 mg/kg/h, i.v.) in a randomized fashion. To maintain blinding, NAC and normal saline were freshly reconstituted in a standard volume by a technician not involved in the experiment and identified by number only. The drugs were clear, odorless, and covered. The drugs were given in a bolus of 3 mL/kg and followed by 2 mL/kg/h infusion for 4 h. This dose of NAC was chosen based on our previous experiments, which showed an effective reduction on cerebral cortical H 2 O 2 concentration over 2 h of reoxygenation (4) . At the end of the experiment, the piglet was euthanized with pentobarbital (100 mg/kg, i.v.). Brains were removed rapidly and flash frozen in isopentane at Ϫ80°C for subsequent analysis.
Hemodynamic recordings. Hemodynamic parameters (heart rate, MAP, CVP, and CBF) were recorded at baseline (0 min), every 15 and 30 min during hypoxia and reoxygenation, respectively. CBF was indexed by dividing the flow by the animal's body weight. Carotid vascular resistance was calculated as (MAP Ϫ CVP)/CBF; whereas carotid oxygen delivery was calculated by arterial oxygen content ϫ CBF.
Cerebral cortical hydrogen peroxide and NO measurement. The changes in cortical H 2 O 2 and NO during H-R were measured directly by electrochemical H 2 O 2 and NO sensors (HPO-100 and NO-100, World Precision Instruments Ltd. Sarasota, FL). The H 2 O 2 and NO sensors were inserted through the posterior and anterior guide cannula into the cortex area, respectively. The sensors were connected to a computer-controlled data acquisition system (Apollo 4000, World Precision Instruments Ltd.). The signal outputs were recorded continuously throughout the experiment. Immediately before and after each experiment, the H 2 O 2 sensor was calibrated with 1 mM H 2 O 2 in phosphate buffer (10 mM, pH 7.4), whereas the NO sensor was calibrated with 0.09 mM S-nitroso-N-acetyl-penicillamine in 0.1 M copper sulfate solution, according to manufacturer's instructions. The mean value was used for converting the signal outputs. The relative changes in cortical H 2 O 2 and NO, expressed in M and nM, respectively, were calculated with reference to the normoxic baseline after stabilization.
Determination of cortical glutathione, nitrotyrosine, and lactate. A block of cortical tissue (5 ϫ 5 ϫ 5 mm 3 ) from the left side of the cortex corresponding to the cannulation area of the right side was dissected. The tissue was then homogenized with 5 L/mg of 50 mM phosphate buffer containing 1 mM ethylenediaminetetraacetate (pH 7.0) and stored at Ϫ80°C until biochemical analyses. The cortical levels of GSH/GSSG and nitrotyrosine were measured using glutathione (#703002, Cayman Chemical, Ann Arbor, MI) and nitrotyrosine assay kits (Hycult Biotechnology, the Netherlands), respectively. Brain lactate was assayed by enzyme-coupled NADH colorimetry method with spectrophotometry at 340 nm. The protein content was determined by bicinchoninic acid assay kit (Sigma Chemical Co.).
Statistical analysis. All results are expressed as mean Ϯ standard error of the mean. Two-way repeated measures analysis of variance (ANOVA) and one-way ANOVA and Kruskal-Wallis (ANOVA on ranks) test were used to study the differences between groups for parametric and nonparametric, respectively, followed by post hoc testing with Fisher Least Significant Method and Dunn's test for pairwise comparisons with the H-R control group as appropriate. Correlation between variables was studied by Pearson Moment test. Statistical analyses were performed using SigmaStat (v.2.0, Jandel Scientific, San Rafael, CA). Significance was set at p Ͻ 0.05.
RESULTS

Effects of NAC on various physiologic parameters.
The piglets aged 2 Ϯ 0.3 d and weighed 1.9 Ϯ 0.1 kg, with no significant differences among groups. As shown in Table 1 , sham-operated piglets did not show significant differences in various physiologic parameters throughout the experimental period. After exposure to hypoxia for 2 h, the arterial pH, PO 2 , and HCO 3 levels of piglets decreased significantly (versus sham-operated piglets, p Ͻ 0.05) ( Table 1) . Upon reoxygenation, all these physiologic parameters recovered gradually toward the normoxic baseline values. There were no significant differences in arterial blood gas among the sham-operated and two H-R groups at the end of the experiment (Table 1) . There was no significant difference in PaCO 2 among groups throughout the experimental period.
Accompanied by the marked decrease in pH, the MAP significantly decreased to 55% of the normoxic baseline value after 2 h of hypoxemia (p Ͻ 0.05) ( Table 1) . After the immediate recovery upon reoxygenation, MAP deteriorated and remained lower than the normoxic baseline value throughout the reoxygenation period (p Ͻ 0.05) ( Table 1 ). In contrast, the heart rate of the H-R control group tended to be higher than that of sham-operated piglets at the end of hypoxia and throughout the reoxygenation period ( Table 1) .
The temporal changes in various physiologic parameters during hypoxia and reoxygenation of NAC-treated piglets were not different from those observed in the H-R control group (Table 1) .
Effects of NAC on cerebral cortical NO production. The NO concentration of two H-R groups decreased slightly at the end of hypoxemia (p Ͼ 0.05 versus normoxic baseline) (Fig. 1) . Upon reoxygenation, the NO concentration of the H-R control group raised immediately with a maximum increase of 155 Ϯ 50 nM at 90 min after reoxygenation. The temporal pattern of NO concentration of NAC-treated piglets during reoxygenation was similar to that of the H-R control group (p Ͼ 0.05) (Fig. 1) .
Effects of NAC on cerebral cortical hydrogen peroxide production. Cortical H 2 O 2 concentrations of H-R control and NAC-treated groups tended to decrease during hypoxia (Fig.  2 ). After reoxygenation, the H 2 O 2 concentration increased gradually toward the normoxic baseline within the first 2 h. The increase in H 2 O 2 concentration became significantly above normoxic baseline during the next 2 h of reoxygenation (Fig. 2) . The maximum increase was 306 Ϯ 120 M noted at 4 h of reoxygenation in the H-R control group. The postresuscitation administration of NAC significantly attenuated the increased cortical H 2 O 2 concentration during reoxygenation (Fig. 2) .
Effects of NAC on CBF and oxygen delivery. There were significant changes in CBF and carotid vascular resistance of the H-R control group during reoxygenation (versus shamoperated piglets) (Fig. 3) . Upon reoxygenation, the CBF of H-R control piglets decreased to 56% of normoxic baseline within 60 min and then remained low throughout the remaining period (Fig. 3A) . The carotid vascular resistance increased immediately upon reoxygenation and remained high throughout the remaining period (Fig. 3B) .
In piglets treated with NAC after reoxygenation, the CBF was significantly higher than that of the H-R control group and was not different from that of sham-operated piglets (Fig. 3A) . Associated with the higher blood flow, the carotid vascular resistance of the NAC-treated animals tended to be lower than that of the H-R control group throughout the reoxygenation period (Fig.  3B) . The changes in carotid oxygen delivery during H-R corresponded to those of CBF. At 2 h of hypoxia, the carotid oxygen delivery of 2 H-R groups decreased approximately 80% of the normoxic baseline with no significant difference between them. The carotid oxygen delivery of H-R controls returned to 78% of the normoxic baseline immediately upon reoxygenation with 100% oxygen. The carotid oxygen delivery recovered to the normoxic baseline in piglets treated with NAC and maintained higher than that of the H-R control group throughout the reoxygenation period (p Ͻ 0.05). The H-R control piglets had significantly higher cerebral cortical lactate levels than that of sham-operated piglets at the end of experiment (Fig. 4) . Treating the animal with NAC significantly reduced the cortical lactate level.
Effects of NAC on cortical glutathione and nitrotyrosine levels. In the cerebral cortical tissue after H-R, there was a significant increase in GSSG level in the H-R control group (versus sham-operated piglets) ( Table 2) . The cortical GSSG level was significantly reduced in the NAC-treated piglets (versus H-R controls) and was not different from that of the sham-operated group. Total GSH levels were not different among groups (Table 2 ). These changes in GSH and GSSG levels resulted in a slight increase in glutathione redox (GSS-G:GSH) ratio ( Table 2) . The accumulated cortical H 2 O 2 , but not NO, significantly correlated with GSSG concentration (r ϭ 0.6, p Ͻ 0.01).
There was no difference in cerebral cortical nitrotyrosine levels among groups ( Table 2 ). The cortical nitrotyrosine levels correlated positively with the cortical GSSG and lactate levels (r ϭ 0.5, p Ͻ 0.05 and r ϭ 0.6, p Ͻ 0.01, respectively). No significant correlation was found between the cortical nitrotyrosine levels and accumulated cortical H 2 O 2 and NO concentrations.
DISCUSSION
Herein we report the effect of postresuscitation NAC on cortical NO and H 2 O 2 production as well as cerebral perfusion in newborn piglets after H-R. Much controversy has arisen on whether NAC ameliorates oxidative stress by reducing NO production. Our results demonstrate that NAC reduces oxidative stress and improves cerebral oxygen delivery without affecting cerebral cortical NO production in reoxygenated newborn piglets after a severe hypoxic insult. To our knowledge, this is the first study to provide the real-time simultaneous measurements of NO and H 2 O 2 during neonatal H-R. Using specific electrochemical NO and H 2 O 2 sensors (4,14,15), we measured the cortical NO and H 2 O 2 production during H-R directly. Interestingly, two distinct patterns were observed with these two ROS during resuscitation. NO level increased immediately and reached its peak between 90 -120 min after reoxygenation. Similar to our observation, a rapid rise in cortical NO concentration after resuscitation has been previously reported (9, 10) . Kutzche et al. (9) reported a gradual decrease in NO concentration toward baseline value within 2 h of reoxygenation. We observed that the cortical NO level maintained above the baseline value throughout the reoxygenation period. The discrepancy could be because of the difference in hypoxia protocols as the cortical NO level has also been shown to maintain steadily high throughout the reperfusion period in adult piglets after cardiopulmonary by- pass (10) . Alternatively, the different observations in postresuscitation changes in cortical NO could be because of the placement of the electrochemical sensor. As compared with the cerebral cortex, higher NO concentration was noted in the caudate nucleus under similar experimental settings during reoxygenation (9) . Because our sensor was placed deeper than that of the previous study (6 versus 2-3 mm, respectively), it could account for different observations during reoxygenation.
In contrast to the immediate upsurge of cortical NO, the cortical H 2 O 2 level of H-R control animals increased gradually at the early period of reoxygenation and then elevated markedly at the later stage. As the result of an endogenous defense system, H 2 O 2 production depends on the interaction between superoxide anion and NO (forming peroxynitrite) (16) , and superoxide dismutase (17) . An increase in superoxide release has been observed after inhibiting NO formation in perfused rat's liver (18) . Further, it has been shown recently that reducing NO could lead to enhanced formation of H 2 O 2 (19) . Therefore, the overproduction of NO in early reoxygenation may limit the bioavailability of superoxide with subsequent decreased H 2 O 2 production at this stage. This notion is supported by the observation that H 2 O 2 level only increased markedly after NO reached its peak. However, the gradual increase in H 2 O 2 observed in the present study could also be secondary to the gradual accumulation of H 2 O 2 as well as from the loss of efficacy of endogenous scavenging systems.
NAC can affect the bioavailability of NO through inhibiting inducible NO synthase activity in vitro (20) and in vivo (21) , and/or forming more active NO adducts (22, 23) . Thus, contradictory observations have been reported on the effects of NAC on NO production during I-R and H-R. Associated with reducing brain injury, NAC has been shown to decrease plasma nitrate-nitrite levels in I-R gerbils (6) as well as NO synthase expression in I-R rats (2) . In contrast, an increase in nitrate-nitrite levels in I-R renal tissue (7) and plasma of I-R limb injury (8) has been reported after NAC treatment. Although the cortical NO concentration was not affected by NAC treatment, the physiologic significance of the increased NO concentration during reoxygenation remains to be determined. Based on our findings, we speculate that NAC exerts its beneficial effects either directly by scavenging ROS or indirectly by enhancing the endogenous glutathione system, resulting in an improved oxidative state, as reported previously (11), instead of through mechanisms related to NO production during H-R.
Despite the lack of significant difference, the cortical nitrotyrosine levels correlated positively with the concentrations of GSSG and lactate, indicating that change in nitrotyrosine level in the present study may represent the state of oxidative stress in the brain of these severely hypoxic animals. Nitrotyrosine formation has been commonly used as an indicator of peroxynitrite. The reaction of H 2 O 2 and myeloperoxidase can also lead to the formation of nitrotyrosine (24) . Therefore, NAC can reduce the accumulation of nitrotyrosine by either directly scavenging peroxynitrite (25, 26) or indirectly reducing the bioavailability of H 2 O 2 for nitrotyrosine formation. Similar to our finding, a significant reduction of tissue lipid peroxidation after acute NAC administration has also been reported previously (4, 27) . Minimizing the lipid peroxidation with NAC may provide beneficial effects after an H-R insult.
It is generally believed that abnormal cerebral blood flow during and after hypoxia contributes to H-R tissue injury. As it has been demonstrated that initial hyperemia after hypoxia or ischemia represents a prerequisite to neuronal functional recovery (28) , any treatment that improves cerebral blood flow after hypoxia should have a protective effect. To investigate whether NAC can elicit its beneficial effect by maintaining the proper cerebral circulation during reoxygenation, the cerebral blood flow was evaluated indirectly by measuring the CBF in the present study. Although CBF also supplies extracranial tissues, a direct correlation between CBF and cerebral blood flow has been demonstrated previously in animal models of H-R (12) and I-R (29) . In the present study, decreased CBF with vasoconstriction was observed in the H-R control animals, resulting in lower oxygen delivery and higher brain lactate levels upon reoxygenation. Increased endogenous NO bioavailability has been demonstrated to maintain cerebral blood flow after I-R (30) and H-R (31). These results seem contradictory to our observation that an upsurge of NO is associated with a decrease in CBF throughout the reoxygenation period. The discrepancy between cerebral microcirculation and cortical NO concentration has also been reported earlier in H-R piglets (9) . However, in addition to the limitation of these surrogate measures of cerebral perfusion, caution must be exercised in correlating vascular effect with cortical NO level, which does not reflect the NO level from endothelial origin.
It has been demonstrated that hyperoxia causes vasoconstriction by enhancing superoxide generation and decreasing basal vasodilating effects of NO (32) , and increasing production of potent vasoconstrictive agents including peroxynitrite, matrix metalloproteinase-2, and endothelin (33, 34) . Interestingly, we observed a dose-response effect of graded reoxygenation on the carotid hemodynamics in asphyxiated newborn piglets and the associated increased tissue matrix metalloproteinase-2 activity in the brain (12) . Therefore, interventions to reduce ROS production may protect against oxidative stress-induced vasoconstriction, as supported by the findings with NAC treatment. In contrast to the vasoconstriction observed in the control animals, the carotid vascular resistance of the animal receiving NAC was similar to the sham-operated group after reoxygenation. Furthermore, NAC improved renal blood flow in asphyxiated piglets (11) and ischemic rats (25) . The vasomodulatory mechanisms of NAC may include its antioxidant/peroxynitrite-scavenging properties (25) and improving endothelial dysfunction (22, 23) . In summary, we here reported the real-time changes in both cortical H 2 O 2 and NO activities during H-R in newborn piglets. Treating the animal with NAC minimizes oxidative stress by suppressing the H 2 O 2 , but not NO production. Functionally, NAC also improves cerebral blood flow and reduces brain lactate accumulation. However, the experimental course is short and no histologic and functional outcome was studied. Further research is warranted to confirm whether the postresuscitation administration of NAC provides neuroprotection against oxidative stressrelated injury to asphyxiated neonates.
